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Cell and tissue integrity requires the coordination of
actin and microtubules and the linkage of these
cytoskeletal elements to cell junctions. New findings
reveal that the cytoskeletal linker protein Short stop
works with EB1 and APC1 to help carry out this
function.
For a pianist to play a concerto or a basketball player
to hit a three-point shot, there must be intricate co-
ordination of their muscles and skeletons. Cells like-
wise rely on their cytoskeletons to resist outside
forces, to exert force, to change shape, and to migrate.
Two cytoskeletal systems are shared by all eukaryotes:
actin and microtubules. Much is known about the func-
tion and regulation of each, but it is increasingly clear
that actin and microtubules do not work in isolation but
instead are highly integrated with one another. Many
proteins link actin and microtubules, presumably facil-
itating this integration (reviewed in [1,2]). In a paper
published recently in Current Biology, Subramanian et
al. [3] examine one of these proteins, Drosophila Short
stop (Shot), identifying the known microtubule-binding
proteins APC1 and EB1 as Shot’s partners, and reveal-
ing further insights into Shot’s mechanism of action.
Shot and its relatives are versatile proteins that play
key roles in many tissues in both mammals and the fruit-
fly. Shot was independently identified by several groups
studying quite different events and thus was initially
given several different names (kakapo, kopupu, l(2)CA4,
groovin). The name Short stop derives from its role in
axon outgrowth — in mutants motor and sensory axons
‘stop short’ of their targets [4,5]. Shot is also required for
dendrite extension and for terminal arborization of
neurons at neuromuscular junctions [6,7], Outside the
nervous system it helps link integrin-based junctions
between the cell and the extracellular matrix to the
cytoskeleton [8,9], allowing cells to maintain tissue
architecture and resist mechanical force. In trachea it
may link cell–cell junctions to the cytoskeleton [10].
Shot is a member of the Plakin superfamily of
cytoskeletal linker proteins [8,9], a diverse group with
distinct but analogous functions (reviewed in [3,11]).
Plakins share a common overall architecture, with
amino- and carboxy-terminal globular domains sepa-
rated by a long rod-like domain (≥200 nm in the longest
Shot isoform). As each globular domain can bind a dis-
tinct cytoskeletal or cell junctional target — for example,
one end binding actin and the other microtubules —
plakins serve as linkers, and by doing so contribute to
the mechanical strength of cells and tissues (reviewed
in [11]). The importance of these connections is under-
scored by the fact that mutations in different plakins
cause a diverse array of diseases in humans and mice.
The plakin plectin, for example, helps link integrins to
the intermediate filament cytoskeleton. Human patients
carrying mutations in plectin have the blistering disease
epidermolysis bullosa simplex, due to defects in skin
strength, and also have muscular dystrophy, via disrup-
tion of plectin’s normal role in muscle.
The plakin family is large and diverse (reviewed in
[11]), with at least seven plakins in mammals. In addi-
tion, differential splicing of a single plakin can gener-
ate quite distinct isoforms. A subset of plakins,
including Shot, form the spectraplakin family, in which
the central rod domain is extended by an array of
spectrin repeats (reviewed in [12]; Figure 1A).
Mammals have two spectraplakins: bullous pem-
phigoid antigen 1 (BPAG1), and MCAF1. Differential
splicing of shot, BPAG1, and MCAF1 gives rise to a
heterogeneous set of isoforms with quite distinctive
functions. The long isoforms of all three include an
amino-terminal actin-binding domain, a rod domain
including plakin/plectin and spectrin repeats, and a
carboxy-terminal microtubule-binding domain. Shorter
isoforms also exist, which in the case of BPAG1 bind
intermediate filaments (via the plakin/plectin repeats).
The function of the plakin/plectin repeats found in
shorter Shot isoforms is unclear, as cytoplasmic inter-
mediate filaments are absent in Drosophila. Once
again the importance of spectraplakins is underscored
by disease connections. Mutations in mouse BPAG1
lead to a combination of skin blistering and neuronal
degeneration, while autoantibodies to BPAG1 can
cause the human autoimmune skin blistering disease
bullous pemphigoid (reviewed in [11]).
Like its mammalian homologs [13,14], Shot can bind
both actin and microtubules [15]. Further, in its absence
there are defects in microtubule organization and polar-
ity, which are manifest in many tissues, including the
tendon cells [6], mushroom body neurons [16], and the
trachea [10]. In at least a subset of these tissues,
defects in actin organization are also noted. Subra-
manian et al. [3] focused on larval tendon cells, special-
ized epidermal cells that join muscles to the skeleton —
in this case the exoskeleton or cuticle. Basally, tendon
cells have prominent hemi-adherens junctions, where
integrins link tendon to muscle via a bridge of extracel-
lular matrix (Figure 1B). Apically, tendon cells attach to
the cuticle via a distinct type of cell–matrix junction. A
set of aligned microtubules stretches from the apical to
basal surface, providing mechanical strength to the cell.
Shot localizes to both ends of these microtubules [8].
Although integrins maintain adhesion between tendon
and muscle in shot mutants, the microtubules become
detached, the cell loses mechanical strength, and it
ruptures when muscles contract [6].
Subramanian et al. [3] advance our knowledge by
identifying two new binding partners for Shot — EB1
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and APC1. Both are known proteins with interesting
properties. EB1 binds microtubule plus ends, regulat-
ing microtubule dynamics and perhaps cortical attach-
ment [17]. Drosophila EB1 plays roles in assembly,
positioning and dynamics of the mitotic spindle [18].
EB1 was first identified as a binding partner of the
human tumor suppressor APC, which plays distinct
roles in Wnt signaling and cytoskeletal regulation. Flies
have two APC family members, APC1 and APC2, with
distinct localizations but overlapping functions [19,20].
Subramanian et al. [3] use RNAi to reduce (though
not eliminate) Shot function in the large tendon cells
of larvae, allowing them to visualize the conse-
quences in detail. When Shot function is reduced,
tendon cells elongate dramatically, presumably
because they cannot resist the tension exerted by
contracting muscles. EB1 no longer localizes to the
zone of microtubule enrichment, and APC1 levels
drop significantly (Figure 1C). At the same time,
microtubules become elongated, and often detach
from the ends of the cell. They find that Shot binds
EB1 via Shot’s GAS2/EF hand domain, and suggest
that Shot may recruit EB1 via this interaction, and
thus maintain it and APC1 at junctions. Alternatively,
alterations in microtubule organization may indirectly
affect EB1 and APC1 localization.
Based on its association with EB1 and APC1, the
authors suggest an intriguing model in which the
Shot–EB1–APC1 complex maintains a polarized array
of microtubules by mediating the attachment of their
plus ends to the cell–matrix junction. By binding
microtubule plus ends, the complex may also limit
further microtubule polymerization, preventing cell
elongation. The authors further suggest that Shot
might mediate cross-talk between microtubules and
actin, perhaps via the small GTPase Rho, based on
recent work showing that loss of shot during tracheal
development mimics activation of Rho [10]. Together,
these roles of Shot would help build a strong tendon
cell, able to resist the stress and strain of muscle con-
tractions that are essential to larval life. These results
are a significant step forward. However, Shot’s
complex structure and diverse roles in different
tissues suggest that additional regulators and effec-
tors remain to be identified, and the mechanisms by
which they help to regulate the cytoskeleton need to
be elucidated.
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Figure 1. Drosophila Shot links the actin
and microtubule cytoskeletons.
(A) Diagram of the various domains of the
Shot protein. (B) Schematic (adapted from
Subramanian et al. [3]) depicting the
tendon cell linking muscle cells to the
exoskeleton. Region outlined with a
dotted box represents the region that is
enlarged in (C). MTs, microtubules; ECM,
extracellular matrix; HA, hemi-adherens
junction. (C) Model of Shot function. In the
wild type (WT), Shot binds EB1, recruiting
it and APC1 to microtubule plus ends,
resulting in resistance to muscle contrac-
tion. In the absence of Shot (shot RNAi),
EB1 and APC1 are lost from microtubule
plus ends and tendon cells fail to resist
muscle contraction. (Note that some
microtubules detach in shot RNAi
mutants.)
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